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CHAPTER 1 0

INTRODUCTION

1%*

1 .1 - INTRODUCT'ION

The ionosphere is the region of the atmosphere in

which sufficient nimbers of free eiectrons and ions

exist to affect radio wave propagatton. This

ionization is mostly caased by solar radiation

interacting with the Earth's atmosphere. The electrcn

density distribution of the iocal ionosphere changes

with solar variability, sich as day and nighttime

difference, seasonai variations, sunspot number, etc.

Although free electrons and ions are distribited

randomly on small spattal scales, they cften act ipon

eiectromagnetic waves as a continuous refracting medi .m

because of their statistical iniformity. In the high

frequency (HF) range the icnosphere may be considered

as cmpcsed cf cniy f ree ejectrcns , since the !ns 'a ie

heavy mass and are relati vely immobile.

The collisions free electrons make with other

particles such as tons, molecules and atoms have a

vtscous damping effect on radio waves whtch is

equivalent to ohmic heating tn a conductive medi.im.

This is the major reason Ccr radi w ave absorpticn n

r s 'Wns e
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The Earth's magnetic fied complicates the

refracting properties of the ionosphere. The presence

cf a constant magnetic field makes the medium

antsotroptc and complicates tne reiattonship between

the electric polarization P and electric fieid

tintensi ty ,

P= E, M (1.1)

where M is the 3 x 3 susceptibility tensor of the

ionized medium and E, is the free space permittivity.

As an anisotrcpic medium, the ionosphere exhibits

many interesting properties. For special cases,

complete penetration of the layers which would

generaily be reflecting is possible through ordinary

extraordinary mode wave coupiing. This occurs when

prcpag3 rti :n s near ':;ne r ca . ang . cL tnct len .e

which ties in the magnetic meridian. Total energy

deposition of the coup.Led wave may occir near 1.he

resonance region using this mechanism. In the fiture

this may prove to be an efficient heating mechanism fcr

ionospheric modification experiments as well as a

viabie expianattcn fcr many experimentai o bservatins .

-2-
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A theoretical and computational examination of this 0.

phenomenon is made in this study. -"

1.2 - IONOSPHERIC HEATING EXPERIMENTS

High power HF heating experiments began in the

1970s and produced many interesting and often

,inexpected results C1,2]. The motivation of the early

...Aetheretca wand omundrtainad texanaton of this

phenosmoniszmde in thmros retudy ce 3556789

10,11,12,131. Among the most interesting observations

derived from these experiments are:en t

- Plasma instabilities associated with the non-

linearity behavior of the merit m. .:

- Generation of short scale irregularities. e y

- Generation ndf large scale trre f rites.

- Airgiow excitation.

- Nonlinear demodulation (ELF, VLF eneraton).

%I_

- Production of extrathermal electrons.

These experimental findings may have their

greatest impact on long-range communiations systems.

F:r xampie, scattering erom sma rL-sca. rregs.i r e s

-3-
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(0.5 - 5m size) have been observed which may be useful

for establishing long range VHF and UHF communication

links [33,34]. Large scale irregularities were found

to scatter HF signals [14,15,16,17] which might' be

useful for injecting HF waves into ionospheric

waveguides for so-called duct mode propagation [18,19,

20,21,22]. Nonlinear demodulation capability of the

ionosphere has also been reported [23,24]. When the

heater wave is ampiltude modulated with a frequency

between 0.5-10KHz, the heated volume irradiates-waves

at the modulating frequency which may be received at

far distances. This is believed to occur because of

the modulation of the natural ionospheric currents

(dynamo, polar electrojet, equatorial electrojet, etc.)

passing through the periodically varying heated region.

The potential of HF ionospheric heating/

modification has been well recognized. However, tc

date, most of the experiments have been performed with

vertically directed antennas. Both theoretically and

experimentally, very little attention has been paid to

oblique propagation. This work shows that, for certain

angles of incidence, oblique propagation should provide

an efficient way of depositing energy into the

i ,nospheric piasma. This, then, sho id enhance the

-4-
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ut.ility of HF radiowave heating for communications and

basic plasma research purposes.

1.3 - RESEARCH APPROACH

Electromagnetic wave propagation in a plane

stratified ionospheric plasma and its possible

application to high power, high frequency (HF) heating

experiments are investigated. Theory shows that mode

coupling from ordinary (o-) to extraordinary (x-) waves

in the vicinity of the plasma resonance level is I

possible if certain conditions are met. This may

result in deposition of radiowave energy into the

ionospheric plasma. The conditions under which

coupling is most effective, and the amount of coupling,

are investigated for several ionospheric models ustng

the numerical full wave solution technique and the D

roots cf the Booker qjartic.

The theory of wave propagation in the ionospheric

plasma, the Booker quartic and the full wave solution I
S.

technique are presented in Chapter 2. Computational

results which demonstrate the theory and coupling

efficiencies for several directions of propagation are

presented in Chapter 3. Summary of results,

concusiions and recommendations are presented in

-5-
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Chapter 4. This study clearly shows that coupling from

o- to x-waves may result in significant absorption of

radiowave energy in a very narrow region j ist below the

level at which the wave frequency equals the plasma

frequency. This heating mechanism should have

important tmpiicattons for using ionospheric high-power

radtowaves to produce trregularities from which

scattering of other radiowaves for communications

purposes may be possible.9!

,,

p!
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CHAPTER 2

REVIEW OF RELATED THEORY

In this chapter the theory of HF electromagnetic

plane wave propagation in a plane stratified P

ionospheric plasma is reviewed C25,26,27,28,29,301. -

The theory provides the basis for understanding HF wave

propagation phenomena through related numerical full

wave solutions.

2.1 - ASSUMPTIONS

- The electromagnetic fields are assumed to arise

from harmonic plane waves. The time dependence

exp(iwt) is suppressed for all field variables.

- The rationalized M.K.S. units are used.

- The ionosphere is assumed to be horizontally

stratified. -

- As a magnetotonic medium, the ionosphere is

assumed to consist of free electrons which are

distributed locally with statistical uniformity.

The effects of heavy ions are neglected.

- Cold plasma conditions are assumed to exist,

and the possibility of energy loss caused by

generation of other types of waves such as , .

plasma waves and acoustic waves is ignored.

-7- i
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Definition of the symbols and basic quantities

are listed in Table 2.1.

2.2- BASIC EQUATIONS

The electromagnetic fields in the ionosphere are

governed by the Maxwell's equations:

V • D - 0 (2.1) V x E - iw WH (2.3)

V . B - 0 (2.2) 7 x H - i W D (2.4)
r.

If the z-axis is taken to be the wave normal, Eqs. 2.3,

2.4 become

-Ey - i w Hx Hx w Dy

~Ex =-i w Hy 3 H i Dx 2.5)

,.~~~ - E -i uHy 3z 25

D z - 0 Hz =0

Dz - 0 leads to Ez - 0 in an isotropic medium. How-

ever, in an anisotropic medium such as the ionosphere

this is not true, and in general the longitudinal

component E z is ncn-zero.



Table 2.1 - Symbols and Notation

c velocity of light in free space

E0 free space permittivity

P 0 free space permeability
i b'-:7-i

e electron charge 0

m electron mass

k wave number

K Boltzmann constant

T electron temperature

n refractive index

N electron density I

E electric field

P electric polarization

D electric displacement

H magnetic field

B magnetic induction

H n, H I

W wave frequency

wN plasma frequency

WH gyro frequency

e'

-9-
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B0  Earth's magnetic induction

X plasma frequency parameter

Y normalized gyro frequency parameter

Z normalized collision frequency

M 3 x 3 susceptibility tensor

Z,m,n x,y,z direction cosines of Y

U I - iZ

v collision frequency

Vm collision frequency of monoenergetic electrons

ve effective collision frequency

gn complex collision frequency

Cn(y) Dingle integral of order n

p wave polarization

YT transverse component of Y

YL longitudinal component of Y

XR 1-Y 2  resonance condition

6 angle of incidence

91 angle of incidence in free space

O B  magnetic dip

no intrinsic impedance of free space
I

-10-



H is often used as a measure of magnetic field

intensity and is defined as:

H 0  H (2.6)

-.%

where rn0 is the intrinsic impedance of free space.

H has the units of electric field intensity which makes

it more convenient for this application. Using this

definition Eqs. 2.3, 2.4 become

V x E= -ik H (2.7)

k -
V x H = D (2.8)

In the ionospheric plasma the equation of electron

motion, arising from excitation of an HF eiectro-

magnetic wave, defines the polari.sation state of the

pLasma according to Eq. 2.9 [26]

-. -" -4- -*
-E0  X E = P (I - i Z) + i P x Y (2.9)

where X, Y, Z are defined in terms of basic quantities

as

-ll- 1
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x Ne 2  = (2.10)Lo m w w 2

y e B (2.11)
M W W

Z = - (2.12)
W

The variable X is proportional to the electron density.

Plasma frequency wN is a characteristic frequency of

the plasma at which electrons tend to oscillate. The

variable Y is the normalized gyrofrequency, and its

direction is anti-parallel to the superimposed magnetic

field . The gyrofrequency wH is another

characteristic frequency of the magnetoionic plasma and

is the frequency at which free electrons oscillate in a

circular motion about the magnetic field BO . The

variable Z is the normalized collision frequency.

-4.

If (., m, n) are the direction cosines of Y,

Eq. 2.9 beccmes

Ex U i n Y -i Px

-o X E y i  -i n Y U i z Y P y (2.73)

EzL i m ]LY -U Pz

inverting this 3 x 3 matrix gives the classical fcrm cf

tne c nsttt tve relations '25

-12-
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2Y -in Y U - I m Y, i m Y J - Z n Y' EX

Py = (Ul-Y
)  

n- '.m Y2  U
2 - mZY

2  -i t. Y U - m n ' Ey

LPz J - m Y U - t.n Y
2  

it Y U - m n Y' U
2

- n2
Y

2  J Ez

(2.14)

Uses of the parameter Z suggests that there is. a

single effective collision frequency which can be

substituted in the constitutive relations. Actually,

because of the dependence of the collision frequency on

thermal energy of the electrons there is no single

collision frequency applicable, except under certain

conditions. Sen and Wyller (1960) [311 developed a

modified form of the constitutive relations for weakly

ionized gases which accounts for the thermal energies

of electrons using Boltzmann's transport equation. As

a result one obtains three different collision

frequencies gn (n-1,2,3) [321.

n { ( ) Cs5 ( _n)2 C_ (- )I - ( 2.15)

gn I~n n
2 2m 7 2V m

where

W, - I I = W2 -w H - = w +(H 2.16)

and

-13-
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Vm = a K T (2.17)

where a is a proportionality constant, K is the

Boltzmann constant and T is the electron temperature.

The C,(Y) and C 3 (y) are the Dingle integrals which are

Z 7
defined as

I j xne - x

Cn(y) 2 -. -x- .- 1 dx (2.18)
0

Using these new collision frequency terms, the

susceptibility tensor M takes the form given by Eq.

2.21, which is equivalent to the classical form of the

constitutive relations 2.14 at the asymptoticai limits

Vm<<I w- Hi and vm>> I w+wHI with ve defined as the

effective collision frequency E32].

Vm << - H ve = m (2.19)

4m a> + • v e  v m  (2.20)

-14-
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2.3 - WAVE POLARIZATION IN THE MAGNETOIONIC MEDIUM

The polarization of a plane wave propagating in

the z-directton is defined as

-t (2.22)

In a magnetoionic medium the foilowing relationships

a±so hold:

D P -H
= = 1....x ( 2.23)

= x Px Hy

If B, is chosen to ite in the x-z plane, then the

constitutive relations 2.13 become

- Eo X Ex - U P + i n Y Py

- X Ey = U P -i n Y Px + t z Y Pz (2.24)

- Eo X Ez = U Pz - z i Y Py

Combining Eqs. 2.22-2.24,2.25 Leads to a solution of

the polarization equation

j y 2 T. y4T

2 Y L (!J-:< y 2 L 'U X

-16-
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where YT Z 2Y and YL nY. This equation shows that

there exists two possible polarizations for an

electromagnetic wave propagating in a given direction

in a magn.etoionic medium [26].

2.4 - THE APPLETON-HARTREE EQUATION

Appleton (1932) and Hartree (1931) developed the

theory and derived the refractive index for vertically

propagating radiowaves in a magnetoionic medium such as

the ionosphere [26,29,30]. Their derivation of the

refractive index is often referred to as the

Appieton-Hartree equation which is given by

nZ = 1 - X (2.26)

- YT + Y.T + y2J/

2(U-X) + L4 (U-X) 2  L11/ 2

Eq. 2.26 demonstrates the complexity of radicwave

propagation in the presence of a superimposed magnetic

field. Notice that in general there are two possible

refractive indices for any X, due to the ± sign in the

denominator. This shows that the ionosphere is a

doubly refracting medium. Thus, for any given

direction of propagation two characteristic waves are

possible, each having different polarisations and

different refracti ve indi ces. These two characteristi -

-17- 4
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waves propagate independently and have different

reflection levels. It is customary to c-all these two

waves "ordinary" and "extraordinary." The ordinary

(a-) wave is the wave component whose propagation

characteristics are influenced minimally by the

superimposed magnetic field. On the other hand, the

extraordinary (x-) wave's propagation is influenced

maximally by the superimposed magnetic field.

If the superimposed magnetic field is removed

(YL-YT-O), the refractive index reduces to that for an
A'

isotropic plasma.

2 . 1 x (2.27)

If collisions are neglected and the wave frequency.

equals the plasma frequency (X = 1), n2 = 0. This is

the ievei cf reflection. Beyond this ievei (X > 1) the

wave becomes evanescent and does not propagate.

The Appleton-Hartree equation exhibits a zero

refractive index at three levels:

X 1, X - - Y, X 1 +Y (U = 1) (2.28)

Zu ,Q
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The X = 1 reflection level for the o-wave is also the

reflection level in an isotropic plasma. X - I - Y and

X = 1 + Y are the reflection levels for x-waves. There

is another level X = XR where n' becomes infinity for

a collisionless plasma, or very large when the

collision frequency is small. The x-wave may be

significantly absorbed at this level, given by

1 - y2
XR - 1 - y2 (2.29)

z

For an intermediate inclination of the magnetic

field and Y < 1, the variation of n2 with X is as shown

in Fig 2.1. Figure 2.2 demonstrates the relative

I. 
levels of reflection and absorption in terms of X as

well as the regions in which the o- and x-waves can

propagate. If a wave is incident from below the

ionosphere with a monotonically increasing electron

density, the x-mcde will reflect at the X = 1 - Y levei.

The o-mode, being unaffected at this level, will

propagate up to X - 1 and reflect there. The arrival

times of these two reflected components will be

different due to the height difference between these

two levels. This double reflection phenomenon is ".

calied "magnetc-ionic splitting" and its cause is the 
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doubly refracting properties of the plasma containing

the Earth's magnetic field C25, 26, 273.

2.5 - THE Z-ECHO

At locations where the Earth's magnetic field is

nearly vertical, experimenters have occasionally

observed a third echo (named z-echo) during ionosonde

soundings. Eckersley (1950) and Rydbeck (1950,1951)

explained this observation by reflection from the X-1+Y

level through the mechanism of mode coupling from o- to

x-waves at the X = 1 level [271. If the angle between

the wave normal and the Earth's magnetic field is

small, n2 versus X behaves as shown in Fig. 2.3. This

figure shows that around X - 1 the curves for the

o-mode and x-mode refractive indices are near.y equaL.

There is also a rapid change of the o-mode poLarization

at this Level. This rapid change of poLarization may

Lead to a coupling between the o- and x-modes and cause

the transfer of energy into the region between X =

and X - 1 + Y as an x-wave. This wave would then

travel up to the level X - 1 + Y where it would be

reflected, and, after coupling back to o-mode

polarisation, it would appear as a z-echo on an

i onogram.

-22-
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Ellis pointed out that for vertical incidence the

collision frequency in the F-region of the ionosphere

is not great enough for coupling energy effectively

above the X = 1 level [35,36,37,38]. He suggested an

alternative explanation. At X = 1, if the wave normal

is parallel to the Earth's magnetic field (YT 0 0),

even with a small number of collisions n would be

non-zero, which may cause the o-wave to penetrate into

that region through mode coupling.

Fig. 2.4 shows n2 versus X for this case. It is

seen that the refractive indices of o- and x-modes are

almost equal at X = 1. This condition may always be

met provtded the o-wave direction of propagation is

near a critical angle of Incidence ec below the

ionosphere, given by

Y

Having penetrated the X = 1 ±ayer, the x-wave then

would propagate up to the X 1 + Y. level and would

reflect in a direction which would not be observable

from the ground. However, Ellis surmised that

rreguiarittes at the X = I + Y levei mi ght cause

bac<scattering which wo ild then be cbserved at the

-24-
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transmitter location as a z-echo [35]. It should be

noted that the term z-echo or z-mode wave is used for

historical reasons. Theory shows that it is actually a

downgoihg .o-wave which underwent successive

transformation from o- to x- to o- polarizations near

the X I level.

2.6 - THF BOOKER QUARTIC

The Appleton-Hartree formulation introduced in

the previous section Is most useful for vertically

incident waves. For oblique incidence a more genera±

formulation is desirable for investigating radio wave

propagation in a magnetoionic medium.

Assume a wave is represented by the following wave

function in which the y dependence is not included for

ease of discussion.

exp{ik(ct - n(x sin e - z cos e))} (2.31)

For an isotropic medium the refractive index n is

independent of the direction of the wave normal.

Therefore, to determine the propagation angle 8 of the

wave for a particuiar n, Sneil's law applies

-26-
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sin e1  -- sin e (2.32)

where e1  is the angle of incidence in free space (n=1)

below the ionosphere. 0

For anisotropic media the small wave function can

be used to represent either o- or x-waves. Snei±'s jaw

still applies, giving S

sin e - nx  sin ex = no sin eo (2.33)

where (n., e ) and (n o ,e 0 ) are the refractive indices

and propagation angles of the x-and o-waves, respec-

tively. However, in this case, because of the

anisotropy both n. and no depend on the direction of

the wave normai. That is, nx and no are fuinctions of

9x and e0 . Since O's and n's are both unknown, one
nannot simpiy ise Sneil's law to determine the

parameters of Eq. 2.31.

A more general method for investigating cblique S

propagation was developed by Booker [38,39,26]. Booker

introduced the variable q, which is more meaningful

than n for oblique propagation in the ionosphere.

Consider n as a vector in the direction of the wave

ncr ma i niji ed a -n i ngie 0 frcm thIe verti ca , s3J.

-27-
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shown in Fig. 2.5. Then q is defined as the verticai

component of n

sine

b Fig. 2.5 Relationships between the propagation
parameters (n, q, a,, e)

and satisfies the following reiattonships:

s in e1  n s in e (2. 34

q = ~cos e (2.35)

Substitution of these variables into the wave finntion

Eq. 2.31 gives

expjik(, t -x sin 8, qz)l (2.36)

-28-
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Booker has shown that q is a root of a fourth-

order pol.ynomial which i.s known as the Booker quartic:

F(q) = + + 8q3  + Yq 2  6q + E 0 (2.37)

where

a = U 2 (U-X) - UY 2 + n Y2 X
B - 2 n X Y ( S t = S~ m )

= -2U(U-X) (C 2 U - X) + 2YI(C U - X) (2 ,38)

XY 2 {1I-C 2n2+ ( S ,Z +S2M ) 2

6 = 2C 2 n 2 XY 2 (SZ + S 2m)

E _ (U-X) (C 2 U - X) 2  - C 2 Y 2 (C 2 U - X) C 2XY2 (SIZ,+S 2 rn)•

The four roots of the Booker qartic correspcnd tc

the upgoing ordinary, downgoing ordinary, jpgoing

extraordinary and downgoing extraordinary waves. The

roots are in general complex because of the damping

effect of collisions. The real part of q governs the ]

phase change of the wave, and the imaginary part

governs the attenuation of the wave as it progresses in

the medium. Upgoing and downgoing waves can be

i dentif ied from the imaginary part of the root. The

" nser'ati n of energy pr i n pie req itres that t he

I

-29- ',1'
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waves attenuate in the direction of energy flow, so for

a wave propagating in the positive z-direction

(ipgotng), the imaginary part of q must be negative.

Conversely, for waves travelling in the negative

z-direction (downgoing), it must be positive.

In certain regions of the ionosphere it is

possible that the roots of the Booker quartic may have

real and imaginary parts with different signs. This

means that the direction of energy flow and phase

propagation are different [39,251. This is explained

by the fact that for anisotropic media the wave normal

and ray directions are, in general, different. For the

same reason the reflection level for anisotropic media

is the level where two roots become equal, not where

q=O.

Fig. 2.6 shows the real part of q for the vertica I

incidence ease when cnere are nc cciiistcns. " i

seen that the reflection levels for the o- and x-waves

are at X = 1 and X = I ± Y, respectively. Also note

that at the X = XR level the x-wave roots approach

infinity.

2.7 - RADIO WINDOWS AND MODE COUPLING IN THE !')NOSPHERE
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As discussed previously in Sect. 2. 4 , an o-wave

may penetrate through a reflecting layer as a result of

mode coupling to an x-wave. The terms radio window or

holes are used to describe the occurrence of these

possible penetrations C35,40,41 ].

The radio window of interest here occurs when the

propagation Is in the magnetic meridian at the critical

angle of incidence

ec = _ arcsin (Z -- (2.39)

Figure 2.7 shows the sample behavior of the real part

of the roots of the Booker quartic for ac < 0. It is

seen that the upgoing branch of the o-mode and x-mode

Is continuous at the X = 1 level. This suggests

coupling from o- to x-waves. The energy coupled to the

x-mode will propagate up to the X = 1 + Y level where

it is reflected and eventually absorbed near the XR

level C25,28]. When the propagation is still in the

magnetic meridian but incident at an angle 0c > 0, the

real part of the roots become as shown in Fig 2.8.

Note that this figure is symmetric to the previous

figure about the x-axis. In this case the upgoing

o-wave may also couple to an ipgoing x-wave at the X=1

-32-
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level. However, this x-wave reflects j jst above X = 1

(rather than at X = 1 + Y) and is eventually absorbed

in the absorption region near X - XR [25,28].

Throughout the text, the XR level is assumed to be

the absorption level for the x-wave. This occurs

because of the fact that the imaginary part of q

becomes large as this level is approached when

collisions are present. Therefore, in this region

propagation over a small height range will result in

absorption of large amounts of energy by conversion to SJ

heat. For high power radio waves, this heating may

significantly modify the plasma.

An important related equation is what happens to

the flow of energy of an x-wave near the XR level when

there is no physical mechanism for absorption? This

happens when there are no collisions, in which the

non-evanescent imaginary par, of q is always zero

throughoat the magnetoionic medi m. It has been found

that as the x-wave approaches the XR level, the

direction of -energy flow becomes horizontal. This

phenomenon is true both with and without collisions,

provided the collision frequency is not very great

[42,343].
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BLachier and Bouchet computed ray paths or

equivalently the direction of energy flow in the

magnetic meridian for the two critical angles of

incidence [42,43]. According to their results, coupled

x-mode rays turn towards the south and propagate

horizontally as they approach the XR level. Figure 2.9

shows these ray paths for both critical incidence

angles ± ec (indicated by the dashed'lines) along with

several other ray paths at different angles.

Additional information on this subject is given by

Ginzburg [28].

2.8 - DIFFERENTIAL EQUATIONS GOVERNING RADIO-

WAVE PROPAGATION IN THE IONOSPHERE

The differential equations governing radio wave

propagation in the ionosphere are found by combining

.4 axwel's c.ir eqiations

7 x E - ik H

(2.40)

V xH =k D

with the constitutive relations

-36-
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The x-z plane is chosen to be the plane of incidence,

and plasma stratification is assumed to be in the

z-direction. The incident plane wave is taken to be

inclined at an angle e from the z-axis. The

inhomogenous medium may be thought of as being made ip

of a very large number of discrete strata in each of

which the electron density and the collision frequency

are constant, that is, homogenous. Then, in each

strata the field quantities vary with x as exp{ikxsin

e} and do not vary with y, thus the differentiai

operators

are equivalent to -iksine, 0, d/dz. If the
Tx- Y TZ
factor expji1kxsin ej is dropped as was done with

expjiwt, the equations are functions of z only and the

problem beccmes one dimensicnai.

Combining Maxweil's curl equations with the

constitutive relations and eliminating Ez and Hz

results in four simultaneous linear differential

equations of first order with Ex, Ey, Hx, Hy as

dependent variables C45,32].

-38-
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d = tk{-H sine (sineH + MzxEx + MzyEy)dz y I+Mzz y

d Ey = ik H

Hx  ikIMxE + (I+Myy)Ey V7. (sinH MzxEx

MzyEy) - sin6eEy (2.41)

dHy - ikl-(I-Mxx)E x - MxyEy - . (sineH+

MzxEx + MzyEy)l

E z and Hz are given as

,1

-I {sin y + MzxEx + MzyEy} (2.42)I+Mzz

Hz = sine Ey ,

In general, in an homogenous medi im these four

simultaneous linear differential equations result in

four independent solutions for the field quantities x

Ey, Hx, Hy. These four independent solutions

correspond to the upgoing ordinary, downgoing ordinary,

ipgoing extraordinary and downgoing extraordinary

wavc3, oro-agating "rdependentiy. Under most

-39-
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h.

am staoes , s e par a'. tion cf t ,e wa ve fields n this

manner is also applicable in inhomogenous media.

Exceptions to this occur at the levels of reflection

and/or coupling where the independence of the solutions

are lost.

Eqs. 2.41 may be written in matrix form as:

d (e) - ikT (e) (2.43)

where e is a 4 x I column vector

e (Ex Ey Hx Hy)T (2.44

and T is a 4 x 4 matrix given by

sineM-., sInM'., 0 -(cos,, M77 )
1 1 + M zz + M--

0 0 10

(2.45)

- - 2e M* M 0 -sin6M.,MMM !- c03 8 + My - - - 0 'MYX  
I + M z M Z 1 + MZZ 1 + MZZ ,

M I MM 0 1 . M zz

-0

-40-
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In each stratum the field components depend on z O

only through the factor exp{-ikqzj which gives

d H -ikq. Eq. 2.43 then can be written as

Te = -qe (2.46)

The nontrivial solutions for q are the elgenvalues of

the T matrix or, equivalently, the solution to Eq. 2.47

det(T+qI) = 0 (2.247)

which is another form of the Booker quartic. Expan ng

0the determinant gives the coefficients of the quartic

T 1 + T 4 4  
0

Y = T 4 4 - Ti4T41 + T32

5 = -T 3 2 (T 1 1  + T 4 4 ) + T 3 4 T 4 2  + T12T31

= T 1 1 (T 3 4 T 4 2  - T44 T 3 2 ) + T 1 2 (T 3 1 T 4 4  - T 3 4 T 4 1 ) 5

T1 4 (T 3 2 T4 1 - T 3 1 T4 2 ) A

For each eigenvalue there is an etgenvector ei

which satisfies the equation

-41- 1
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(T + qil) e i  - 0 i = 1, 2, 3, 4 (2.49)

The elements of ei are proportional to the field

quantities Ex, Ey, H X, Hy of the i-th wave component

and define the polarization state of the i-th wave.

2.9 - FULL WAVE SOLUTION TECHNIQUE

There are several approximate solutions available

for finding the field components in the ionosphere C26,

28]. The W.K.B. solutions of the form

F = Fo(z) exp{-ik fZq dzi (2.50)

are considered to be a good approximation for many

ionospheric applications. These solutions fail to

represent the true field components when they lose

their independence. The regions where they icse their

independence occur near the reflection and coupling

levels where two or more of the quartic roots become

equal. Also, the medium must be slowly varying so that

p. the refractive indices do not change significantly

within one local wavelength.

SSince this study is concerned with the regions

where refiection and i tplitng ,ccir, the K.F.

-42-



solutions are not considered. Rather, the exact

solution of the field components is required

necessitating use of the full wave solution technique.

The full wave problem is to find the exact

solution to the differential Eqs. 2.41 either %

analytically or numerically. Analytical s-lutions are

limited to special kinds of electron density profiies

and magnetic field conditions [26]. Numerical

solutions, on the other hand, are more general and are .4

therefore used here [32,44]. 0

The differential equations 2.41 have four sets of

independent solutions and require four sets of boundary

conditions for their complete solution. At the bottom

level where the transmitter is located the upgolng -

incident wave, whtch gives two of the boundary

conditions , is assumed to be known. However, the other

two resulting from downgoing waves are not known, which

implies that boundary conditions at the bottom ieve,

are insufficient. Above the highest reflection ievei

only upgoing waves, which supply the other two boundary

conditions, can exist. Here upgoing waves are defined

to be waves travelling in the positive z-direction, o.r

are evanescent with decreasing ampli.tudes in the

pcsi ti ve z-di recron. The 1nwn-iJng wave pcnnc-;

-43-



above the highest reflection level must be zero; this 0

completes the required four boundary conditions. Two

sets of solutions are obtained from these ipper

boundary conditions by separately integrating them down

through the ionospheric model. Since these two

solutions are independent, the total wave field is then

a linear combination of them. The coefficients

relating the two solutions to the total wave field is

found by extracting their upgoing components and

matching them to the known incident wave at the bottom 1UP
Id.

levei where the integration is ended.

p

2.10 - DERIVING THE BOUNDARY CONDITIONS F.

At the highest level where integration is

ON

started the initial val'les of the .pgotng field

components E., Ey, Hx, Hy are required as boundary

conditions. The medit m above the highest Leve. is

considered homogenous so that the field quantities vary
]

with z as -ikq as before. Substituting this into the

Eqs. 2.41 gives the wave polarizations for each field

component [32]

xI
-My., 'cos 'M +- (44si-nG M,) "
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H x = -q E

H E Y- 1 +M- 7 , +Si neM.17Y + EJsin M, 1Y Mzz + cos 'a

-1

Ez  I+Mz z  (sinH y MzxEx+Mzy) (2.52)

H z =sineEy

The two boundary conditions correspond to the

qdartic roots with negative imaginary parts which

denote upgoing waves. Solving the qaartic and

s abstituting appropriate roots into Eq. 2.51 res'its in

two sets of initial sciutions.

21 (E'I El H'x H )T (2. 53)_-I x y x y•

e -- (E 2  E 2 y  H2x H2y)T (2.54)

2.11 - INTEGRATION

Numericai integration is done by the fcurth-

order Runge-Ktta method. Integration starts with

initial sciitions (1) and (2) at the maximum height and

proceeds downwards in the meditm with h meter

lecremenls. seiected i nterva~s -f h, 3c iti cns '

: '. _ ', .. .. ."e £"- r
' '
e ; tnO'/ Aij .. -e .;:3e' . r;~ ' r
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reconstruct the total field components by forming their

appropriate Linear combination. The Runge-Kutta scheme

is outlined below.

The simultaneous differential equations can be

represented as

Y'i - fi (Yi, Y 2 1 Y31 Y4, z) = I, , 3, 4

(2.55)

where

Yl. Ex Y2 = yy Y 3  - Hx y, = Hy (2.56)

Then the integration coefficients become

Flo

-46-
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ki o  - -h fi (Y 1 , y 2 , Y , Y , Z)

ki -- h fi (Yl 1 /2k 1 0 - +1/2k 2 0  3 +1/2k 3 0

ki 2 = -hfi (o 1 /2k 1 1 , Y2+ /2ko, Y o1/2k3 1 ,
y4 1/2ki z -1/2h)

kJ3 = -h i (l+1/2k 1 +1/2k 2 2 Y 1/2k 32'

Y +1/2k 1 -/2h)

ki4 = -h fi (y1 + k1 3 , y,2+ k2 3 , y3 + k3 3 , Y4+ k4 3 , Z-h)

yj(z-h) " yi(z) + (k1 o + 2kil + 2ki 2  + k1 3 )

2.12 - NUMERICAL SWAMPING

It has been observed that during integration

numerical swamping might cause problems because of the

limited accuracy of the computations. For example, at

the beginning of integration when the initial solutions

are calcuLated, -r during integration, numericai errcrs

such as rouindoff may introduce a small fraction of an

evanescent wave into the travelling wave solution.

This evanescent wave, which is very insignificant at

the beginning, may eventually dominate the travelling

solution and lead to incorrect results.

Several methods have been devised to overcome this

problem. One method is tc change dependent variables

-47-
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and transform the differential Eq. 2.43 to a different

form. Instead of Ex, Ey, x, y, four elements of the

admittance matrix A may be used [40]

A = (2.58)

Alternatively, elements of the variable p are also

possible [40]

p = (A - I) (A + I) - 1 (2.59)

Since solutions (1) and (21) are both contained in

the wave admittance matrix A, these two methods require

only one integration. However, they yield only the

ratios of field components rather than the true field

amplitudes, and are employed primarily for calculating

reflection coefficients. If the field variation with

height is required, the choice of independent variables

must in each case yield Ex, Ey, Hx , Hy and the

differential Eq. 2.43 must retain thei.r original form.

The nimeri cal swamping problem has been overcome

bv a different 'iethnd siggested by Pitteway 7L ] The

-48- 5'
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method is based on constraining solutions at regular

intervals during integration and forcing them to remain

independent. This is accomplished by adding a fraction

of one sol.ution to the other one. This is possible -

because the differential equations are linear. In

practice, these modifications are recorded along with

the field components during integration and can be 0

accounted for later, during the reconstruction of the "

total field.

The fraction of one soiution added to the other

solution must satisfy certain conditions. Let e,

represent the solution to be constrained

e= (E2 x E 2 y H2 x H2 y )T (2.60)

and e' 2 the solution to replace e.

e' 2= e 2 +e 1  (2.61)

where a is a complex constant such that e' 2 is

Hermitian orthogonal to e,. That is, the dot product

e' • e* = 0 (2.62)

-..
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where * denotes the complex conjugate. This requires

that

a - e * e. (2.63)

e*'1 e,

2.13 - MATCHING SOLUTIONS TO THE INCIDENT WAVE

Below the ionosphere where the medium is assumed

to be homogenous, the known incident wave must be

matched to the upgoing wave components of both

solutions through an appropriate linear combination.

If the incident wave components are E inC Einc and

the upgoing field solutions are Exi, E, , y

then

Exinc = cE'x + BE2 x (2.64)

i nc oLE + BE21Ey = E y BE y. . .

Solving for a and B gives

ExincE2 y - EylncE2a (266

a Ex ( tE7y E incE22.66)E'xE2y - E' E2xE1x E2y Ey E2x

-50-
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Ey incEl ExincE y
= E gay. EE (2.67)

Another method of matching-exists when the

incident wave has only o- or x-wave polarization. Let

Ey in c , Ey i nc denote the o- and x-wave components,

respectively. Then,

,o = aEyqO+ 8E 2 y,o (2.68)

Ey,x i n e = aE'y,x + 8E2 y,x (2.69)

If there is only an upgoing o-wave, then E yi = in 0

and the coefficients a and 8 become 5

a -a E(2.70)

Ey ,inc E' y x
E= (2.7 .y,OE 'y'x y- E ~ El.

The coefficients for the x-wave can be derived in a

similar manner.

After the coefficients a and B are determined, the

total fields anywhere in the ionosphere can be found by

taking the Linear combination of the two solutions

which were stcred diring integcation.

%
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2.14 - DECOMPOSING TOTAL FIELD COMPONENTS IN THE

LOWER BOUNDARY

The full wave solution technique gives the total

fields. One would also want to know the upgoing and

downgoing o- and x-wave fields for determining the

reflection properties of the ionospheric model.

Decomposing the total fields into their magnetoionic

modes in an hcmogenous medium is possible using the

method described below.

Let subscripts i=1,2,3,4 refer to the ipgoing c-,

downgoing o-, upgoing x-, downgoing x-waves,

respectively. The total fteld may then be written as

a sum of these four waves such that

E Et (2.72)

H Hi (2. 73)%

where only the total fields E and H are known. These

equations may be written in terms of the polarization

states p of each wave component (Eqs. 2.75-2.76) where

p's are defined as
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Pit = Exi/Eyi Pwi = Eyi/Eyi P3t = Hxi/Eyt

(2.74)

i - Hyi/Eyi Psi = Ezi/Eyi Pii = Hzi/Eyt

EXP P 012 P 13 P

1 1 1 1 Y 2

Hx P31 032 033 034 Ey 3  (2.75)

Hy Pi P4 2 P.,3 P.... Ey 4

Ezi P5i 52 P 53 054 ] I

H = LP61 0 6 2 P3 Ey2 (2.76)

E y 3 e

N
2.51-2.52 with its respective root q. Now, the to~ai %,

f edy( H x Hy) T on the left of Eq. 2.75 and the

for (Ey, Ey2 Ey 3 y 4 gives the :ipgoing o-, downgotng %%,..

o-, ipgotng x-, downgoing x-wave components of Ey,

respectively. The other cartesian nomponents may then ,

te fc ind f r(m

-53-
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Exi p~ y

Hxi P p 3 iEy

-y p P4 1Ey i (2. 77-)

NEzi p = y

(t=1, 2, 3 4).
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CHAPTER 3

MODEL COMPUTATIONS

ionospheric models are performed using the full wave

solution program developed by Seliga [32]. The

solutions give the wave fields for an incident o-wave 0

for different electron density profiles, collision

frequencies and angles of incidence. With the aid of

the correspnding Booker quartic solutions, the

behavior of electromagnetic waves in the plasma are

determined. The reflection coefficients for several

propagation directions are also calculated to determine

the shape and angular width of the radio windows. The

results demonstrate the importance of o- to x-moce wave

coupling which occurs when propagation is near the

critical angle in the magnetic meridian.

3.1 - PARAMETERS OF THE IONOSPHERIC MODEL

Three different models are chosen which %

approximate the increasing electron density of the F

region of the ionosphere.

-55-



Electron Density Profile:

Each profile has a linearly increasing electron

density with height given by the equation

Z

N(z) = NB + NS (-) (3.1)
H

where NB(m - 3 ) is the initial electron density at the

reference height

z = 0

Ns/H (m - 4) is the rate of change of electrons

density with height

z (m) is the height relative to the reference

level.

The three models chosen are shown in Table 3.1

Table 3.1 - Parameters of the selected ionospheric models

Model 1 Model 2 & 3

NB (m- 3 ) 1.8 x 10'' 1.8 x 1011

NS (m- 3 ) 2.7 x 10'' 2.7 x 10'

H (m) 104 103

-56-
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Frequency:

All computations are performed at a wave frequency

f = 5 MHz

Collision Frequency:

A constant collision rrequency is used throughout

the medium. For each model, vm << Iw - wH I s o that the

effective collision frequency ve is given by Eq. 2.19.

Table 3.2 gives the collision frequency values for each

model.

Table 3.2 - Collision frequencies for the ionospheric models

Model 1 Model 2 Model 3

Vm -10 101 200

ve (s-) 2.5 x 101 2,5 x 10 500

Geomagnetic Field:

The geomagnetic field conditions at Platteville,

Colorado (Fig. 3.1) are chosen, since a major heating

facility was located there and much experimental data

exists at this location.

,.
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Flux Density Bo: 5.6426o x 10- s  Wbm -2

Magnetic Dip 6B: 67.74

Fig. 3.1 Geomagnetic field conditions at Platteville,
Colorado

Using Eq. 2.11 one obtains

fH = 1.58 MHz

Y = 0.316

Based on these parameters, the X = 1, 1 + Y, I - Y

and XR levels occur at heights listed in Table 3.3.
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Table 3.3 - Critical level heights for the ionospheric models

Model 1 Models 2 & 3

X = 1 4818 m. 481.8 m.

X + y 384147 M. 6i44.7 M. _

X I 1 - Y 1190 m. 119.0 m.

X = XR 4639 m. 463.9 m.

I
Critical Angle of Incidence:

The critical coupling angles for each model are same

ec = 1 10.6960

3.2 - PARAMETERS OF THE FULL WAVE SOLUTION PROGRAM

Cartesian components of the E and H fields are

outputted ty the full wave solution program. Fiei.

magnitudes are relative to the incident wave amplitude.

Note that since propagation is in the x-z plane, Ey and

Hy are the components perpendicular to the plane of

propagation.

:ntegraticn :ncrement:

% I %

-5 ...



The integration increment h is determined by a

computational procedure. Three arbitrary angles are

chosen for each model, one in the S-N direction near

the critical coupling angle, one in the vertical

direction and one in the N-S direction near the

critical coupling angle. For each of these angles the

program is run several times, each with decreasing

integration increments until the reflection

coefficients and fields converge. Then the program is

run for the rest of the angles using the resulting

integration increment. Table 3.4 shows the integration

increments used for the models.

Table 3.4 - Integration increments used for each

ionospheric model

Model 3 10' m. 200 s -  0 103 m. 0.02 m.

Model 2 10' m. 10 3  s-1 0 10 3  m. 0.1 m.

Model I (N-S) 104 m. 10, s-' 103 6x10' m. 0.05 m.

Model 1 (S-N) 109 m. 100 s 103  9xi0 3  m. 0.05 m.

Hermitlan Orthogonal Constraint:

. . . .e --aining of the solutions is done at every 20 to

50 integration steps, depending on the storage

requirements of the computer program.

-60-
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Computation Time:

The program was run on an IBM 3081 with the VS

FORTRAN compiler. The average run times for the models

are given in Table 3.5

Table 3.5 - Average execution times for the

ionospheric models

Total

Execution Time Number of Angles Time

Model 1 (S-N) 9 min/angle 22 198 min.

Model 1 (N-S) 6 min/angle 22 132 rin.

Model 2 1 min/angle 60 60 min.

Model 3 3 in/angle 60 180 rin.

3.3 - INTERPRETATION OF THE RESULTS

In this section the field solutions for Model 1

at 6 - 0 and 6 = ± 8c in the magnetic meridian are

presented along with the corresponding roots of the

Booker quartic. The levels X = 1, 1 + Y, I - Y, XR are

indicated on the full wave solutions as vertical lines

n0 be ed 1, 2, 3, 4, respectively. On top of tne

-61-
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figures are the parameters of the ionospheric model,

including NB, NS, H, vm which are denoted by CON(),

CON(2), CON(4), CON(5), respectively. The solutions

for other models and magnetic fields are given in

Appendix A.

Case 1: Model 1, Vertical incidence (6 = 0)

Figures 3.2, 3.3 and 3.4 show the Ex, Ey, Ez

components of the vertical incidence solution,

respectively. The upgolng incident wave has ordinary

polarization. The standing waves below X = I are due

to interference between the incident upgoing o-wave and

reflected o-wave. The reflection coefficients for E

and H are

R(E) = 0.889

R(H) = 0.389

which indicate that most of the incident energy is

reflected back at vertical incidence.

The roots of the Booker quartic are useful for

understanding the observed reflection mechanism. Figs.

3.5-3.6 snow the real and i:naginary parts of the roots.

The ro tzo 2orres pond n to tne ipgoing o-wave anrl
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downgoing o-wave are denoted by A and B, respectively.

The reflection level for the o-wave occurs where the

two roots become equal, which is X = 1 in this case.

The imaginary part of the roots corresponding to A and

B appears to be zero, indicating that there is no

energy lost during this process. Actually, q has a

small imaginary part. A detailed plot would reveal

that Im(q) for A is negative, indicating that direction

of energy flow is upwards; Im(q) for B is positive,

indicating that direction of energy flow is downwards.

A sketch of the ray path for the vertical incidence

case is shown in Fig. 3.7. The rays bend towards the

north as the X = 1 level is reached, and become

perpendicular to Bo at that level. More detailed

information on these ray paths may be found in

[26,42,43].

Beyond X = 1, Re(Q) = 0 and Im(q) < 0 for the o-wave

as denoted by C in Fig. 3.6. This indicates that the

o-wave is evanescent and does not propagate in this

region. In the full wave soluticns this effect is seen

as a sharp decrease of the field amplitudes beyond X =

Another interesting property is the existence of an

z  component, aItho gh the prop gat on vector 13 i he
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z-direction. This is common to anisotropic media. The

magnitude of E z is quite insignificant at the bottom

level (Fig. 3.4), but as the waves progress up to the

X - 1 level it grows larger.

Another observation of interest is the changing

wavelength of the fields, decreasing with height. This

is in agreement with the roots of the quartic (equal to

the refractive index in this case) which indicate that

nr 0 as X + 1.

Case 2: Model 1, Critical Angle of incidence (S-N):

Propagation Towards Magnetic North

Figures 3.8, 3.9 and 3.10 show the E x , Ey, Ez

components of the fields, respectively. The field

magnitudes in this case are nearly constant at the

bottom level. The absence of any standing wave peaks

below XR indicate the absence of significant reflected

downgoing waves. The reflection coefficients for E and

H are

R(E) - 6.4450 x

R(H) = 6.9295 x 10 -
3
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which implies that practically all of the incident wave

is absorbed in the medium.

Figs. 3.11 and 3.12 show the real and imaginary

parts of the Booker quartic roots. The upgoing o-wave

path is denoted by A. Unlike the vertical incidence

case, the roots do not follow path B corresponding to

the downgoing o-wave, but progress up to just above

X = 1 where the two roots are equal, then become very

large at the XR level. This is more clearly seen in

Figs. 3.13 and 3.14.

The roots of the Booker quartic show that upgoing

o-waves (branch A) propagate up to just above X = 1

(X - 1.0015 for this case), reflect back and approach

XR. The corresponding ray path for this case is

sketched in Fig. 3.15. The phenomenon described above

is seen in the field solutions as standing waves above

the XR level. Above X = 1.0015 the waves exnibit

evanescent behavior and decay rapidly as expected from

the quartic roots.

The imaginary part of q (Fig. 3.14) shows that :m(q)

is zero or almost zero for the upgolng o-wave (branch

A). On thne way back, after reflection as an x-wave,

-M q 'bec. es cm are rear X<. ..nis increase becomes

t.. . . . . . . -74..... .. - r., . .
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Fig. 3.1 5 Ray path in the magnetic meridian; critical
angle of incidence case (towards magnetic north)
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seen by the following branch C in Fig. 3.14. The

results show that for this critical incidence case

(S-N), most of the incident energy is focused and

absorbed in a very narrow region just below the X = 1

level.

Near the X R level the real part of q along C becomes

very large and Ez exhibits a peak of 40dB compared to

an incident wave intensity of around 5dB. This

indicates that E and k become almost vertical at XR

while the direction of energy flow is horizontal.

Case 3: Model 1, Critical Angle of incidence (N-S):

Propagation Towards Magnetic South

Figures 3.16, 3.17, and 3.18 show the E., Ey, Ez

components of the fields, respectively. The field

magnitudes in this case are also nearly constant at the

bottom level. The absence of standing waves below XH

indicates the absence of significant reflected

downgoing waves. The reflection coefficients for E and

H are

R(E) = 6.3 x 10 - '

R(X) = .3 X 1 -
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which indicate that almost 100% of the incident energy

is absorbed in the medium.

The roots of the Booker quartic (Figs. 3.19-3.20),

corresponding to the upgoing o-wave, is continuous at

the X = 1 level. The roots continue (branch B) up to

the 1 + Y level, return back, with the real part

getting large as the XR level is approached (branch C).

These indicate that the upgoing o-wave progresses up to

the X - I level, couples to the upgoing x-wave and is

reflected back from the 1 + Y level. This is seen on

the field solutions as standing waves between XR and

1 + Y. The reflected x-waves do not attenuate

significantly until the XR level is reached; this is

observed on the roots of the Booker quartic as

imaginary parts being zero (Figs. 3.20, 3.22, branches

A, B, C). Figures 3.20 and 3.21 show that the roots

cross the XR level (branch D), contrary to the S-N

propagation case in which the roots reach their maximum

at the XR level.

The imaginary part of q (Fig. 3.22, branch D) is

large between XR and 1 - Y. The waves attenuate

significantly and the energy is absorbed in this

region, most of it localized near XR. Fig. 3.23 shows

the setch of tne ray -ath for this case. Note th t
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Fig. 3.23 Ray path in the magnetic meridian; critical
angle of' incidence case (towards magnetic south)

-89-



near XR, the real part of q and Ez component is very

large. This indicates that E and k are almost vertical

while the energy flow is horizontal.

3.4- WIDTH OF THE COUPLING WINDOW

There is a region around the critical coupling

angle at which the o-wave to x-wave coupling is most

effective. The width of this region, which is referred

to as the coupling window, is determined by performing

a series of full wave solutions near the critical angle

of incidence. The incidence angle is varied around the

coupling angle in two planes: (i) in the magnetic

meridian (N-s), and (ii) perpendicular to the magnetic

meridian (E-W). The -3dB points are used to define the

edges of the coupling window. Table 3.6 lists the

angular widths for the E field. Figures 3.24-3.29 and

3.30-3.35 show the variation of the reflection

coefficients with the angle of incidence, in the

magnetic meridian and off the magnetic meridian,

resnectively. The rest of the reflection coefficients

are listed in Appendix B.

The results show that the angular shape of the

.oupLing w4indc'' t sso-qt~ cirncular z' u, Io

,r: ia oiplig ]ng'e. The r fen t' f e ei ectr~n
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Table 3.6 - Angular Widths of the Coupling Windows I.

N-S and S-N E-W

Model Angle -3dB(low) -3dB(high) Width -3dB Width

1 +10.7 8.7 12.8 4.1 2.0 4.0 li
1 -10.7 -9.1 -12.6 3.5 1.7 3.7

g

2 +10.7 5.5 16.0 10.5 5.5 11 .0

2 -10.7 -6.0 -15.0 9.0 5.0 10 .0 .-.

3 +10.7 5.6 16.0 10.4 5.5 11 .0 V

3 -10.7 -6.0 -15.0 9.0 5.0 9.0 5.

,
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Fig. ').24 Reflection coefficient vs. angle of

;ncidence: Model 1 , in the miagnetic merillan, towards

magnetic north
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Fig. 3.27 Reflection coefficient V3. angle of ,
noldence: Model 2, in the magnetic meridian, toward3

magnetiLc south
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Fig. 3.28 Reflection coefficient V3. angle of

incidence: Model 3, in the magnetic meridian, towards

magneti[c north
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density appears to be a major determining factor

affecting the width of the coupling window. The

angular width of Model I is about 3.5-40 and Model 2 is

about 10-11". The parameters of Model I and Model 2

differ only in the gradient of the electron density H

(H Model 1 H = 104, Model 2 H - 10'). This indicates

that steep gradients are more favorable for effective

coupling. Also, for a given ionospheric model, the

coupling window in the S-N direction (+10.70) appears

to be wider than the window in the N-S direction

(-10.70) Dy about 0.5 - 10.

No significant difference is found between Model 2

and Model 3 which differ only by the collision

frequency. The collision frequencies in these models

do not seem to be a determining factor affecting the

width of the coupling window, or are of secondary

importance compared to the gradient of electron

density.
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

The objective of this research was to demonstrate

the possible role of o- to x- mode coupling in

ionospheric radiowave heating experiments. Most.

previous related studies and experiments have not

considered the importance of o- to x-mode coupling near

the plasma frequency, which may result in intense

radiowave energy absorption in the ionospheric plasma

[41,46]. Theory and simulations in this report

indicate that mode coupling may provide a viable

explanation for many experimental observations and

should be an efficient heating mechanism for

enhancement of future experiments. The approach,

conclusions and recommendations regarding mode coupling

and its relationship to high power HF modification

experiments are reviewed here. 4

In Chapter 1 the complex nature of the ionosphere

due to the Earth's magnetic field and the importance of

high-power HF ionospheric modification and its possible

application to over-the-horizon communications were

briefly discussed. In Chapter 2 the relevant theory of

electroma, .etLi2 wave propagation in the L nosphere w43

reviewe i i - a3 13 a fgr inoers-anjing thne ;,tipiin
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phenomenon. This chapter considered the differential

equations governing electromagnetic wave propagation,

the full wave solution technique and the method of

extracting wave components from the total field to

determine the reflection coefficients. In Chapter 3

parameters of the three Ionospheric models chosen for

study, demonstration of the theory with sample full

wave solutions and roots of the Booker quartic and

reflection coefficients were presented. The major

results are briefly summarized below:

- For the vertical incidence case standing waves

below X = I indicated the presence of strongly

reflected downgoing waves. The reflection

coefficients for the sample model were

R(E) = 0.889 and R(H) = 0.889. The imaginary

part of q was very small throughout the

propagation path, indicating small energy loss;

this is also supported by the large reflection

coefficients. In this case vertical incidence

ionospheric heating is seen to be very

inefficient.

- For propagation at the critical angle of

incidence in the S-N direction, there were no

-106-
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standing waves below XR, indicating the absence

of any strongly reflected wave. The reflection

coefficients for the sample model (Model 1)

were R(E) = 6.4450 x 10-3 and R( ) = 6.9295 x

i0-3 . The roots of the quartic indicated that

the upgoing o-wave couples to the upgoing

x-wave which then reflects just above the X = 1

level. This x-wave travels downwards,

approaching the plasma resonance region XR.

The imaginary part of q is very small

throughout the propagation path except in a

narrow region near the XR level for the x-wave.

This results in attenuation of wave fields and

absorption of the incident energy by conversion

to heat. Peaking of the Ez component was

observed near the plasma resonance region.

This implies that the absorption of energy,

combined with the large Ez field, should be

capable of significantly modifying the

ionosphere near the XR level. -

For propagation at the critical angle of

incidence in the N-S direction, just like the

S-N case, there were no standing waves bi1
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the XR level, indicating absence of a strongly

reflected wave. The reflection coefficients

for the sample model were R(E) = 2.4455 x 10 - 2

and R(H) = 2.3433 x 10-2 . In contrast to the

S-N results, there were standing waves between

the XR and I + Y levels. The roots of the

Booker quartic indicated that the upgoing

o-wave couples to the upgoing x-wave near the X

- 1 level. This x-wave then reflects from the

1 + Y level and approaches the plasma resonance

region XR. The imaginary part of q was very

small throughout the propagation path, except

near the XR level which results in attenuation

of the fields and absorption of the incident

energy through conversion to heat. This

absorption is expected to modify the ionosphere

significantly near the XR level.

The effective coupling region around the

critical angle of incidence was determined for

the three models considered. The results

revealed that the coupling window is

approximately circular, and that the

Ietermi ning f% ctor affecting i t-3 ing'l ar i At:
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or its diameter is the gradient of the electron

density. Among three models, the one with the

steepest gradient had the widest coupling

window. Therefore, as expected from theory,

steeper gradients are most favorable for

effective coupling of incident energy into the

ionospheric plasma.

A general conclusion deduced from the results of

this study is that oblique propagation in the magnetic

meridian near critical coupling angles should play a

significant role in ionospheric radiowave modification

and, therefore, help explain many of the observed

experimental phenomena. A number of recommendations

regarding future investigations about the mode coupling

phenomenon follow:

- The models used here were simple

representations of the ionosphere. Further

computations are required for numerous other

models having different electron density

profiles and collision frequency profiles at

different geomagnetic locations throughout the

- 1or-
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Experiments need to be performed to validate

the findings. These should consist of ground-

based ionospheric soundings as well as in situ

probing of the electromagnetic wave fields with

rockets and satellites.

Existing experimental data, obtained at several

locations of the Earth, should be examined withI I
the emphasis placed on the o- to x-mode

coupling phenomenon.

The phenomenon of o- to x-wave mode coupling

should be carefully considered in the context

of future high-power HF radiowave heating

experiments.

The theoretical framework of the coupling

phenomenon should be expanded to include

nonlinear effects, such as plasma wave

generation and irregularity scattering.

%%



REFERENCES

[1] Utlaut, W. F. (1970), "An ionospheric modification
experiment using very high power, high frequency

transmission," J. Geophys. Res. 75, 6402-6405.

[2] Gordon, W. E., H. C. Carlson and R. L. Showen
(1971), "Ionospheric heating at Arecibo: First

tests," J. Geophys. Res., 76, 7808-7813.

[3] Utlaut, W. F. and R. Cohen (1971), "Modifying the
ionosphere with intense radio waves," Science,
175, 245.

[4] Carlson, H. C., W. E., Gordon and R. L. Showen
(1972), "High frequency induced enhancements of

the incoherent scatter spectrum at Arecibo," J.

Geophys. Res., 77, 1242-1250.

[5] Gordon, W. E. and H. C. Carlson (1974), "Arecibo
heating.experiments," Radio Sci., 9, 1041-1047.

[6] Utlaut, W. F. (1975), "Ionospheric modification

induced by high power HF transmitters -- A

potential for extended range VHF-UHF
communications and plasma physics researcn," Proc.
I.EEE, 63, 1022-1043.

[7] Muldrew, D. B. and R. L. Showen (1977), "Height of

the HF-enhanced plasma line at Aerecibo," J.

Geophys. Res., 82, 4793.

[8] Carlson, H. C. and L. M. Duncan (1977), "HF
excited instabilities in space plasma," Radio
Sci., 12, 1001-1013.

[9] Walker, J. C. G. (1979), "Active
experimentation with the ionospheric plasma," Rev.
Geophys. Space Phys., 17, 534-544.

[10] Duncan, L. M. and W. E. Gordon (1982),

"Ionospheric modification by high power radio
waves," J. Atmos. Terr. Phys., 44, 1009-101 3.

-111-*



[11] Stubbe, P., H. Kopka, H. Lauche, M. T. Rietveld,
A. Brekke, 0. Holt, T. B. Jones, T. Robinson,
A. Hedberg, B. Thide', M. Crochet and H. J. Lotz
(1982), "Ionospheric modification experiments in

northern Scandinavia," J. Atmos. Terr. Phys., 44,
1025-1042.

[12] Stubbe, P. and H. Kopka (1983), "Summary of
results obtained with the Tromso heating

facility," Radio Sci., 18, 831-834.

[13] Gurevich, A. V. and V. V. Migulin (1982),
"Investigations in the U.S.S.R. of non-linear
phenomena in the ionosphere," J. Atmos. Terr.
Phys., 44, 1019-1024.

[14] Duncan, L. M. and R. A. Behnke (1978),

"Observations of self-focusing electromagnetic
waves in the ionosphere," Phys. Rev. Lett, 41,

998-1001

[15] LaHoz, C. A. (1982), Ph.D. thesis, Cornell

University, Ithaca, New York.

[16] Frey, A. (1982), Ph.D. thesis, Rice University,
Houston, Texas.

[17] Allen, E. M., G. D. Thome and P. B. Rao (1974),
"HF phased array observations of heater-induced
spread-F," Radio Sci., 9, 905.

r[18] Tusnentsova, I. A., D. I. Fischuk, Ye. Ye.
Tzedilina (1975), "Investigation of the global
properties of the ionospheric wave ducts,"
Geomagn. Aeron., 15(l), 6,--66.

[19] Toman, K., D. C. Miller (1977), "Computational
study of long-range high frequency ionospheric
ducting," Radio Sci. 12(3), 467-476.

[20] Gurevich, A. V. and Ye. Ye. Tzedilina (1976),
"Trapping of radiation in the ionospheric duct
during scattering on artificial inhomogeneties,"
Geomagn. Aeron. 15(6), 713-715.

-112-



[211 Vever, A. S., T. P. Danilova, A. G. Shllonsky
(1978), "Possibility of the trapping of radio
waves, scattered by meteor trails, by ionospheric
ducts," Goemagn. Aeron., 18(3), 306-308.

[22] Toman, K. (1979), "High-frequency ionospheric
ducting: A review," Radio Sci., 14(3) 447-453.

[23] Stubbe, P., H. Kopka, M. T. Rietveld (1982), "ELF

and VLF wave generation by modulated HF heating of
the current carrying lower ionosphere," J. Atmos.
Terr. Phys., 44, 1123-1135.

[2"] Ferraro, A. J., H.S. Lee, R. Allhouse, K. Carroll,
A. A. Tomko, F. J. Kelly, R. G. Joiner (1982),
"VLF/ELF radiation from the ionospheric dynamo

current system modulated by powerful HF signals,"
J. Atmos. Terr. Phys., 44, 12.

•25] Budden, K. G. (1961), Radio Waves in the
Ionosphere, Cambridge University Press, Cambridge,

MA.

[26] Ratcliffe, J. A. (1959), The Magneto-ionic Theory
and Applications to the Ionosphere, University
Pr, ambridge, Great Britain.

[27] Yeh . C. and C. H Liu (1972), Theory of

Ionopheric Waves, Academic Press, New YorK, 14Y.

1283 Ginzburg, V. L. (1964), The Propagation of
Electromagnetic Waves in Plasmas, Pergamon Press,
NY.

[29] Hartree, D. R. (1931) , "The propagation of
electromagnetic waves in a refracting medium in a
magnetic field," Proc. Cambridge Phil. Soc., 27,
143-1 62.

[30] Appleton, E. V. (1932), "Wireless studies of the
ionosphere," J. Inst. Elec. Engrs. Lond., 71,

642-650.

-113-

" e



[31] Sen, H. K. and A. A. Wyller (1960), "On the

Generalization of the Appleton-Hartree
Magnetoionic Formulas," J. Geophys. Res., 65,

3931-3949.

[32] Seliga, T. A. (1966), "Numerical full wave
solution techniques for the calculation of low
frequency plane wave fields in the Ionosphere," J.
Inst. Telecom. Engrs., 12, 198-213.

[333 Fialer, P. A. (1974), "Field-aligned scattering
from a heated region of the ionosphere-
Observations at HF and VHF," Radio Sci., 9, 923.

[34] Minkoff, J., P. Kugelman and J. Weissman (1974),
"Radio frequency scattering from a heated
ionospheric volume, 1, VHF/UHF field-aligned and
plasma-line backscatter measurements," Radio Sci.,
9, 941.

[35] Ellis, G. R. (1956), "The Z propagation hole in
the ionosphere," J. Atmos . Terr . Phys. , 8, 43-54.

[36] Ellis, G. R. (1953), "Angle of arrival of
z-echoes," Nature, Lond. 171, 258.

[37] Ellis, G. R. (1953), "F-region triple splitting,"

J. Atmos. Terr. Phys., 3,263.

138] Booker, H. G. (1936), "Oblique propagation of

electromagnetic waves in a slowly varying non-
isotropic mediunm," Proc. Roy. Soc. A, 341, 1-30. '

[39] Booker, H. G. (1938), "Propagation of wave-packets
incident obliquely upon a stratified doubly
refracting ionosphere," Phil. Trans. R. Soc. Lond.
A237 , 41 1-451.

C40] Budden, K. G. (1980), "The theory of radio windows
in the ionosphere and magnetosphere," J. Atmos.

Terr. Phys., 42, 287-298.-'

11.

4'

-i14-,%

'-4

-. ... - -. . .- i ,, ,€. . '€' ' '' .. . . .. , .-. , '-4



[41) Seliga, T. A. (1985), "Ionospheric heating via
ordinary to extraordinary mode wave coupling,"
Radio Sci., 20, 565-574.

[42] Blachier, P. B. and P. Bouchet (1966), "Etude de
l'interaction coherente de deux ondes dans um
plasma: Application aux radiocommunications a
grande distance," Annales de Radioelectricite,
XXI, 171-194.

C43] Bouchet, P. (1971), "Accessibilite a la resonance
plasma electronique dans la region-F d'une onde
emise au sol," J. Atmos. Terr. Phys., 33, 89-100.

£44] Pitteway, M. L. V. (1965), "The numerical
calculation of wave-fields, reflexion coefficients
and polarizations for long radio waves in the
lower ionosphere," II, Trans. Roy. Soc. A
(London), 257, 219-241.

C45] Clemmow, P. C. and J. Heading (1954), "Coupled
forms of the differential equations governing
radio propagation in the ionosphere," Proc
Cambridge Phil. Soc., 50, Part 2, 319-333.

[46] Seliga, T. A. (1972), "Phenomena associated with
very high power, high frequency F-region
modification below the critical frequency," J.
Atmos. Terr. Phys, 34, 1827-1841.

• - 15. -.. ,

-115.

WS..'.



APPENDIX A

A: Cartesian Components of' Electric and Magnetic Fields
f'or the Ionospheric Models 1 and 2.
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Wave Frequency 5.0 E 6 Angle of Incidence 0.000 E 0
Magnetic Y Vector : 3.150 E-1 Con (1) 2.700 E 11
Tot. Geomag. Field : 5.643 E-5 Con (2) 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) 0.000 E 0
Y-Dir Cosine of Y : 0.000 E-0 Con (4) 1.000 E 3
Z-Dir Cosin& of Y : 9.255 E-1 Con (5) 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence 1.070 E 1

Magnetic Y Vector 3.150 E-1 Con (1) 2.700 E 11

Tot. Geomag. Field 5.643 E-5 Con (2) 1.800 E 11

X-Dir Cosine of Y :-3.789 E-1 Con (3) 1.000 E 3

Y-Dir Cosine of Y : 0.000 E-0 Con (4) 1.000 E 4

Z-Dir Cosine of Y : 9.255 E-1 Con (5) 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence :-1.070 E
Magnetic Y Vector 3.150 E-1 Con (1) : 2.700 E 11

Tot. Geomag. Field 5.643 E-5 Con (2) : 1.800 E it
X-Dir Cosine of Y :-3.789 E-1 Con (3) : 0.000 E 0
K-Dir Cosine of Y 0.000 E-0 Con (4) 7.000 E 3
Z-Dir Cosine of Y 9.255 E-1 Con (5) 1.000 E 3
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Wave Frequency . 5.0 E 6 Angle of Incidence 0.000 E 0
Magnetic Y Vector :3.150 E-1 Con (1) 2.700 E 11
Tot. Geomag. Field :5.643 E-5 Con (2) 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) 0.000 E 0
Y-Dir Cosine of Y :0.000 E-~0 Con (4) 1.000 E 3
Z-Dir Cosine of Y :9.255 E-1 Con (5) 1.000 E 3
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-ig. A.4~ Mode' 1, x,y,z components of magneti t'ieId

for the critical angle case
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" Wave Frequency . 5.0 E 6 Angle of Incidence 1.070 E 1

Magnetic Y Vector : 3.150 E-1 Con (1) . 2.700 E 11

Tot. Geomag. Field : 5.643 E-5 Con (2) . 1.00 E 11

X-Dir Cosine of Y :-3.789 E-1 Con (3) : 1.000 E 3

Y-Dir Cosine of Y 0.000 E-O Con (4) 1.000 E 3
Z-Dir Cosine of Y 9.255 E-1 Con (5) .OO E 3
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Wave Frequency 5.0 E 6 Angle of Incidence :-1.070 E 1
Magnetic Y Vector 3.150 E-1 Con (1) . 2.700 E 11
Tot. Geomag. Field 5.643 E-5 Con (2) . 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) : 0.000 E 0
Y-Dir Cosine of Y 0.000 E-0 Con (4) . 1.000 E 3
Z-Dir Cosine of Y 9.255 E-1 Con (5) : 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence 0.000 E 0 16
Magnetic Y Vector :-3.150 E-1 Con (1) 2.700 E 11
Tot. Geomag. Field : 5.643 E-5 Con (2) : 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) 0.000 E 0
Y-Dir Cosine of Y 0.000 E-0 Con (4) 1.000 E 3
Z-Dir Cosine of Y 9.255 E-I Con (5) 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence 0.000 E 0
Magnetic Y Vector 3.150 E-I Con (1) 2.700 E 11
Tot. Geomag. Field 5.64 3  E-5 Con (2) 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) 0.000 E 0
Y-Dir Cosine of Y 0.000 E-0 Con (4) 1.000 E 3
Z-Dir Cosine of Y 9.255 E-1 Con (5) 1.000 E 3
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Wave Frequency 3.0 E 6 Angle of Incidence 1.070 E 1
Magnetic Y Vector 3.150 E-I Con (1) 2.700 E 11
Tot. Geomag. Field 5.6 43 E-5 Con (2) 1.800 £ 11
X-Dir Cosine of Y :-3.739 E-1 Con (3) 1.000 E 3
Y-Dir Cosine of Y 0.000 E-0 Con (4) 1.000 E J
Z-Dir Cosine of Y 9.255 E-1 Con (5) 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence 1.070 E I
Magnetic Y Vector 3.150 E-1 Con (1) . 2.700 E 11
Tot. Geomag. Field 5.643 E-5 Cod (2) . 1.800 E 11
X-Dir Cosine of Y :-3.789 E-1 Con (3) . 1.000 E 3
Y-Dir Cosine of Y 0.000 E-0 Con (4) . 1.000 E 4
Z-Dir Cosine of Y 9.255 E-1 Con (5) : 1.000 E 3
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Wave Frequency 5.0 E 6 Angle of Incidence :-1.070 E

Magnetic Y 'ector 3150 E-1 Con (1) 2.700 E 11

7ot. Geomag. Field 5.6'43 E-5 Con (2) 1.800 E 11

K-Dir Cosine of Y :-3.789 E-1 Con (3) 0.000 E 0

'V-Dir Cosine of Y 0.000 E-0 Con (4) 1.000 E

Z-Dir Cosine of Y 9.255 E-1 Con (5) 1.000 £
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Magnetic Y~ Vector :3.150 E-1 Cori (1) 270E1

Tot. Geornag. Field 5.6413 E-5 Con (2) .1.800 E II

X-Oir Cosine of Y :-3.789 E-1 Con (3) .0.000 E 0

Y-Dir Cosine of Y 0.000 E-0 Con (i4) .1.000 F, 3
Z-Dir Cosine of Y 9.255 E-1 Con (5) .1.000 E 3
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APPENDIX B

Reflection Coefficients for the Ionospheric
Models 1, 2 and 3.
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Table B.1 Reflection Coefficients -Model 1, in the Magnetic
Meridian.

WAVE FREQUENCY - 5.0001.406 CRITICAL INCICENC( 1.06961401
NAG. V VECTOR - 3.15901-01 STARTING HE IC11 * .COOOE'03

GFCMAG. FIELD - ".6426(-05 ElPOING NEICI I.CO0OO3

110 COS OF T - -3.78901-01 INtREPEN1*-.COI0

T-014 COS OF Y - 0.00001400 SCALE tFICHI . .r0Oor04

I-013 COS OF T - 9.2546E-01 Ct'ISISN5 I .COOFlf403

REFLECIICN CO0I FICItP11

Ell FY El "eI "v
P.8077[:01 S.BR177-01 0.8871Fr-01 A .1A? f -0 1 P.0#77F-C I I. PP 77F -V 0..1O00V~r0
*.oOIs[-a a.994%f-ol P .7 7 ,9F-O01 9.reI' 1-01 8.72r2r -cl F.PeII -CI 2 .r~C(rl 4('0
8.72001-01 9.11oir-01 p.6jqIE-01 9 .?F p3( -0IiV 1 P.379 - .Alc3F-C 1 00( rtl nfo

5.1032f-01 5.69Pif-0z 'S.0 172E-01 5.*PIF-01 *.A4qPF-VI 6.36 C6fi-C2 9.5C~vf#n
1. 5E013587F~0 3: E 7.747F:0l 3 0.o1f-oil ! .3-4t26 C I1 .0CO(*1'C

.%7GF-0 .4%40f-04 16.44io1-ol 74960f- 3 .27720f-cl E.92q5F-C3 1.O1(POf4C2
1.43C-0t .36)ORF:O 1.422E101 1.72qPf-0 -I 3441 :CI '.83 f-C 1:O 000poCt

C5439(:0 4IL :42 5.646:- ENIN 2443 0 ICII * 1CO orf
I-tIE ~ 3 C7F OF 1 t 71n8010 FNRWN 01 1 .OO:

.S1-01 8.89O -0 7F 1 2( oOO 0 SCAL 7.1451f.C0O40

8 7-013(OS OF V0? *0 0.0241E-01 I OLSIN .13f0 *7.I 0 9 1-II.0O I C,3

WAVEFREQENC - 1000E006TI CRITFICAL IT$ CNE -100E0

NA. VEIV IT 3.3941o STRIGH147 iJCLE0

G.EC(IOC.17 IEL .0126F- 05 .73END IN q"aI,1-o ~~.-O-zOOoc1
X.7-ot COS OF Y-0 -3.lS'0-01 8.N?3PF qE'oEo 8.~i-clO-,oolt
Y-.JFh OS OF asiq-o 0.000 f 0 SCLE-O q.,EIG14T I.It e.C00 'rF0i'

2-1 O OEI0a 9.2411-t.PPIO .C6-01 CO.3161(-I.SCOOE.Ca

1.23781:-11 1:.1;71-01 P83871j01 A.89511-O n 1477-I-0 1.8A7?F-101 0.1000**C1
a.9 qqf I .a631 0 9t 1 08I 3'LE 01 9:0:428l 8.d4F-0I-2.00nCE~oa
9.601E-01 8.60S9-01 9.fihlE-OI ft.423P1-01 9.O252V401 P.@q~f-O1-A.oorfej

t.0 16 E'0 8.01881-01 0:940:0 1.56-:109140934(-t1601o

0: 0 po0 :C f -1

7.19~fi41 64qOF-Q 7.3ilk0 6 141E-l 7.eIC-01 .8bjf:CI-90CQt4.

4.63 ef- 1 1.04OIE- 1 1 .7 ) f -0 4 P 4FE 01 S.A7 tf- 1 '.37 1(-C -9.)C0 (4p
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Table B-2 -Reflection Coefficients -Model 1, off

the Magnetic Meridian.

WAVE FREQUENCY - 5.O00E006 CRIIICAL INCICENiCE I .C696E*CI 5-

PAC. v VECTOR - 3.15901-ON STARTIN& IfJCicow 6.COOOfool

GCHAG. FIELD - S.642EE-05 F14010G 11E IGI1T I.Cooof*C2

1-010 COS OF T - -3.7a9OE-O1 INCSEHENT -A .COOOF -0?

I-GIR COS OF T * 0.0OOOOE*OO SCALE p4FIC341 * I.COOOE.C4

Z-CIP COS OF T - 9.2S~t(-0I CCLLISIrN! I.C00F~c

REFLECT ICh COEFFICIENTIS

tA C-37.4151E-03 6.252IF-03 6.449'1rf-O1 7 .1964 F - p t.929sr-(1 o.6rO('f *'0
2.200aE-ol 2.49796-01 2.1589E-OI 2.6442#-Cl 2..I01?F-01 2.32106-Cl 5 OCLIl -CI

4 736J-1 4-016-Ol4:J5AF-1 9.0P401-0I 4.0440-01 4.4f.7f-Oc 1 .ncc() Orr

4.7 71 0- poop
19.S46 11 I 9.4669F-01 6' 376?E-01 9 0'59 If -0 1 8,3 IAPI-CI 1.9347t -C I -ff).neroi 4((
P.&eSGE-OI 9.31IF-01I l.%A90E-0I 9.6P921 -CI R. 3290F -01 P.94 41 -01 6.flCM~ *C0

WAVE FPCOIUENCY *5.0000C#06 CRTTICAL INCICENCE *-I.C7OOE*0I

MAC. I VECTCR *3.15901-01 SIARTING HEIGI4T 0 .0000E.C3

GEC14AG. FIELD *5.6426E-05 ENDING HEIGPI I.COO)OE*03

a-lift COS OF T - -3.789OE-01 ICREWENT *-mi OOOO06-0?2

T-8111 COS OF V - 0.O000!0O0 SCALE hE 1641 !.0OOOE*04

I-4ill COS Of T a 9.25*6f-Ol CELLISIONS I.COOOE*03

OFFLECIICk COEFFICIENTS

El Fy FT HE my "I1
p ZIUel-03 7.2%69E03 A.69?6-03 6.39816-03 6.85SlE-O1 ?.PI1?F-C3 0 0cc6 .ro
2.&4 46-0I N.28 F-01 S.66EW-01 .19q4F-01 1.767'!E-01 2.S56E-01 S.OCOOE -CI
4.802E-01 4 .2407F:-01 4 .9026f:01 4 .006qf-01 %S.036,E-01 4.5e %F:-01 .o0CCF:C0

q.1oEoI .~AIE0j .3i1-f 7.7031f-01 5.%lPE-01 A.1cl4f-cl 1.OcocE '
49 qlQ-o10. 84 E-0 4 58 9f- A 065E 01I 9.8207E-Cl 6'.9P'8f-0I 5.0000 100
9.2USIE-4I 8.6436E-01 9.4702E-0l 8.2976f-01 9.6522E-01 P.96'S3F-CI G.oCori4co
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Table B.3 -Reflection Coefficients -Model 2 -in the
magnetic meridian.

WAVE FREQUENCY - S.0000E*06 CPIIICAL INCICENCE 1.06,06E#01

NAG. T VEIC2 . 3.1s401-01 !TARTING HIII. I .C0OOE#O3

GECHAG. FIELD S .6426105 ENOING HEIGPT 0 .OOO0E~co

X-CIR CS Of Y -3.7890(-0l INCREMENT a -1.0000F-01

V-010 COS OF Y 0.000OE400 SCALE HEIGHT a t.0000E4103

Z-012 COS OF T 9 .2546E-01 CCtLISICWS ft I.OOOE003

- REFLECT 1CH cflFFICIENTS

F1 IV ET 11 my1 HI ANGL
*.?ZSqF-0I 9.22%9E-01 9.2251if-01 94 %(~-0Cl 9.2254F-al 9.2219F-01 0.0000t4rO
C.944E-0l 9.10 12F-01 A.9QSIOf-01 9.16531-01 8.9olIE-0I 1%.oz41f-c1 2.0corf*0a
8.16416-01 8~.4%-01 e.1644E-OI S.'bi1E-0t 0.0712f-01 P.30CiF-01 4.001OOEirO
41.63I:3 I.0050iE 6.64r.f-01 7. 13F:01 6.5242F-01 t.aCO4F-Cl tS.C('t14Fl *S.
4. 24221C 4.9634E -1 4.24F 4:6 F 0A7FO 4.1404E-01 4.38'4f-01 A.OOOCE.00
3.52361-01 3.8092E-0j. 3.528.7f:01 -3.1531 -o 1 .44C7E-GI 3.65CIE-01 8.'CCC*C2.765041 3.C044E--O 7.76 16E-0 3.09318-0 2.6936f-ot 2.8107f-o1 9.GC00f.00%

0.3%646-02 9.11117F-02 A.370fiE-02 9..%0776-02 8.116115-02 0.7101E-02 1.3700F*Cl

3.0741(-02 3.40301-02 1.01 16f-02 3.4ZAR)f -0? 2.9PC41f-412 ?a2r-C2 G.P('OfoI

11 J:t 11 j :.6 0fF:01 J:312F: 1.461( , Iolo

I ?7 I - 1 .111E01 .192 017.'L@7 It -P I 5.qfl46F-0I 2I ( I .%.COCF *(,I
7.760!E-01 9.11WE-01 7.0l()46E-01 q.9444-01 7.IPI 7F-CI P.35'Of-01 1.7C001.Cl

WAVE FREQUENCY a 5.OOOOE'06 CRIITICAL INCICEWCE a -1.07001.O1

X&G. I VICTOR - 3.15901-01 !IART1106 H1ICI'T 0 I.000I* 03

GIC11AG. FIELD - 5.6426E-0% INOING F'1ICPI * (.0000E#00

1-0flt COS OF T - -3.7uqO1-0I INCPfEmfw I -. rooof-('t

T-010 COS OF T - 0.0000E-00 SCALE "FEICHI * .COOOE*O3 t
Z-G1E CS OF I - 9.2S*6E-01 CrILLIIS IVNS I .C30OF*03

REFLECIICN (OrFFICIENIS

Em IV FT 1.1 141' I'Af
9.22541 -01 9.22SOF-Ot 41.2254f-01 4.22190f-oI 9.22';QE-01 %.2?29f -C1 0. OC(OO*'c
9.1000E-01 9.940R1-OI 9.oq6OF-oi A.8F64F-C1 9.1444qF-OI 4*o24qF-o1-.cloo .'0

444 01F 610 F4%F0 .4611P%4 01 f .'C24l -Cj-40 C :1C(601 p 6. -~,0 1V. S4F- Ik7:jp 34?I :06- 6.9681f-01 f. 4Cef-O 0 7:0422F -(% t~cOFe 00r ro4.141711 4.2776E-01 4.5416E-Ot 4.127 03f-Cl 4.61'OF-CI 4.3592f-Ct-i1t000E~rO

3 8041:01 3SISFI0 3.241IC-Ol 3.407f-01 3.892GF-C] 3.66P~r-C1-@.%C00(4CI:?Ii J:bA112 01 4.9%6F-ojjtp;i :.7 1p 0P7 ?~7F -0 12 4.0:0129 1700 : CO
*.9620-0216.C18F7F 5.%P-0 '.92 1cr - : 2 7 -(' 1 f2 .0614F C2-9 (140C

3.1N 1-7.763(:07 3.041-07 1.1317! -0? 3.10,0F-01 124u'9-CI-I .nu'ei .c
311f 1: ' 7F a 3956F-07 P..I717!-0 2.' 7AF1-02 .120 C

712i:C? S .4CB -2 :9.1361?7261C INC-2~:4~r:2IO0lC
117CE07 '.67(076.5110?536 -03 6.14 f-in2 *i.7t 4 7f-C;-j.0(CCf4CI13 - 2t 1. 74-0l 0 F 0SC 2-0 # .17 0 3.104O-0I 19fS-C -lio .e1 r

2.01-0 1: 8-O 1 1, -f vt pGF-C 1 2.50307-0 2 .3CC3f CI-.COM C I
4.1433[-C1 3.6S171-al 4 .13 44f -fit .4P91F-C1 4.1C2qF-()1 3.92P01--.'% 00n(o . I
7.0946-01 6 .O4A41F 0 1 7 .07A 2F-('I 'S.77401 -01 7.141cF-CI (ff'6f-C1-I .5C00l#. - (.'
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Table BA4 Reflection Coefficients -Model 2, off the
magnetic Meridian.

Nag. v VECTOR - 3.159OE-OI !1DSIINC HE Ii I.COOOV'03

GCECa. FIELD - 5.64 26E-O5 ENDING HEIGHT 0.OOOOE.0O
i-DIR COS OF T a -3.7190E-0I INCREINI *-1 .COOOE-0!

V-c1a COS OF T - 0.0oooe*0o SCALE WEIGHT I .COOOE03

Zf010 COS OF V - 9.Z5t6E-ol CfLLISIOWS I C.OOOF 11

REFLECTICW cairFICIINIS

FT FT NYi HiI'v5
2.4106E-02 7.2162F-02 7.446E-07 2.13P0F-02 2.SZ6tF-O2 ;.3460F-07 O.Oc0oI#Co
4.Z2210E-02 3.e246F-02 4.2217E-02 3.6900E-02 4.36OOE-07 4.04-0-02 1.00OOF-CiO.OO*0F-O? S.431I-07 1 .9Sqi-0? 15 741f-02 6.19 1qF-O7 .7f#')f -07 2 .0000f -(I

1:18CE-1 I.21:E-G LUM31 :o I . 'f-01 ~:6q-t I ~'(I AOI0
3.U16 0 3. )7 -01 3.66R41 -01 3 .?7 ? -01 1. 7P#If -0 1 3.5 1 ?"f -( I 2.fltflfllOro

m~ye FREQUENCY - 13.OOOOE*0& CPIIICAL INCICENCE - I.c606E'CI

A&$. YVETORa 0 3.IiVof-0I IIARTING "FIGHT a I.COOOE*03

GECPAG. FIELD - d3.64?6E-05 ENDOING HEIGHT * .ConoE*00
i-eit COS OF T - -3.7890E-O1 INCOFEENT * IC0F0

i-eta COS OF T - o.0000E400 SCALE 14FIGHT * I.c0Oa0oi

I-SIX COS OF V - 9.2S46E-01 CCLLISIONS 1.00001.03

REFLECT 101 COEFFICIENTS

E1 FY "TNiN NY ANCE
31f:2 25363:C .2971E-02 2.628SF-:02 2. i24q-02 .39P01 -02 o.ooo0OCOi:2116E 03 7~:43 0 .N7i3E-03 a.2WE-03 6: 51eE 03 1.192) 303 I.OCOOE -CI

.OIGE-02 1.1219f-02 1.O1If-02 I.IIPEE0? 9.859qF03 I.062?F-0? 2.00OE-41I
01111:3 A :4609 -0j .41 :a 6 bhIS6-01 S.66%0(-(12 f.10rlf-0? 5.0000E -ClI4ao 3 - 9OCo2 :0 494 0C 0.a026E -02 9.4p~tSE-07 7.ooocf-cl

2.9480l-41 3.250?E-OI 2.9i29E-OI 3.3e&NF-01 2.8e12F-Ct 3.0193F-CI 2.OCOOE'C0

1.A1ILSE-01 a.Z155E-01 7.60a]E-01 8.46E-0I 7. 10 7(-101 7.886SE-01 6.OOOOk*CO
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Table B.5 - Reflection Coefficients - Model 3, in the
Magnetic Meridian.

UWE FPEQUENCY 5.0000E#06 colTcAI. JNcICNCE I .C696E *CI

RAG. v VICTOR 3.2590F-01 !lh8TING 14FICIOT * I.ConoOE03

GEOMAG. FIEtO * 4.6426F-05 FP#OING HEIGI-T 0 .0OOOE400

X-0111 COS OF I -3.18901-01 INCREMENT *-2.COO-O2

1-O13 COS OF T 0.OOOOE'00 !C*LE HEIGHT I ICOO0f *03

Z-019 COS OF Y 9.2546E-01 COLLISIONS * .COOOE#0Z

QEFLECTICN COFFFICIENTS

El IV HTTEHI ANCL
9.316q(-0I 9.3169F:0I 9: 9q-0 3 1bqf-o1 9q3169F:01 .3- 6 9Fe j 0:00~ J*C4.0340-1 914046 0 q:,11013 .2'iKF-oI 0:9 e~~-t q.1 1 116-0 1.009 'C
P.244af-al A.54?IF-iI 0.2497F-01 A.64867F-01 8.154eF-Ct P.IPuir-Cl 4.00IO(F*C0
6.700CF:6 7.070qF:01 6.1OAqf-Ot 1.20%1F-OI 6..-PCGF-01 E8aeqF- 1 6 00Ocf'co

4 .2,58-QI4.f~nF 4. 4301 hf-01 4.74 I3f1-"I 4.ZCCef-II 4.44061-C1 8.eic0ol*ro
3.S730f-01 3.8626F-01 3.5162E-01 ..4021-Ol 3.,P691.01 3.1CW4-Ct i.SCOCF *c0

7.8.04?2E- I z R16E:01 3.1430f-01 7.739;E-01 2.9163E-01 9.0t20'Ifo

1.19K-01I.10W011.1087E-01 1.34601-01 1.51fF-C 1.2311F 00 z.neoor'ca
P.SiSI%-02 9.40A21F-02 P.5660I1-OP 9.729'1-CZ 8.3076F-02 0.92161-C? 1.0200lf i

2.5JJ1E0 2.774'IF02 ?.51e4f:0? 0e74FE0i2:43701:02 2.62511:C? j .oEf 4 r
La 6al0 .13011-02 7.8327F-02 3.24531-C? 1.71C a iE0? 9's74F- Z po*
4.761I1-02 6.191'F-O2 5i.7715E-O2 6 .#-31t7f-C2 s.SsCel-02 f.03C&1-02, 1.0C~f*C1I 0? E-0 I I .53657('-01 1.451Ol. 371(l1411-f0 1:t1 0F-nl24z2 1:0-Cl ):4q?04W01 1:2261E at1.5 67F:O 4a : 164604F0 ?.4~f0233tE01 ofI80oC
3.7531F-0i 4 .I5601F-0 1 1.7404F-01 4.4S40-01 3.613IF-OI 3.96C9F-0 I I .1C1E'E1.lI
4%.74111-:31 4J11:01 h:211"10 (IC A.qs95j1E -4n t.62 F-Cl 1.1%corEfv'I

NAVE FREQUENCY - 5.0000E#06 CFJ1ICAI ImcICFNC a -I.o001*0
PAS. v ICO -~~ 3.1590f-01 SIARTINGC liE IGP a l.0000E*03

*CECNAG. tIELD a 1.6426E-013 INCING HEIGIOT a 0.0000E#00

i-a1m COS OF y - -3.7890E-01 INCREMENT 4 -2.C'OGOO-02

1-CuR COS OF V - 0.00001#00 SCALE HEIdi? a I .CoOE 4c,3
Z-013 COS OF V - 9.2546(-01 crtLISION4S a 2cnt0

REFLECTICN CDIFJCZINS

EA FT F1 141 £NCI"*4.06?CE-0l 9.06'1f-Ol 9.0630E-01 %.oei(Ir-ot 9.0#30F-01 4.061Or-CI r3.('tCCV '"C,
tI.lCCE-01 a.8521-01 q.0064E-O1 8.79PZF-e: 9.C!S41-0I t.93'441-CI-Z.COOI 'CO

4.1 34-0 4.2886F-01 4.607 O 4. IP0I 471 7f1 0I 4.4627F 0 A-RO000(OCO
.86061-01 3.5712E-01 3.9551E-01 3.4744F-01 2.9!371-01 ?.72(8F-C1-8.SCCtCI'

p 3.05551-0? 2.8124E-01 3.01510( :01 Z.73121-cl 3.1139F-01 P.45- 9.CO*f
2.2049E-01 2.0192E-01 2.20 %E-0 1I.9172f-0l 2.2140f-01 '.II961-0Il-9.SCCPvf*CO4:ISIE8 ~:~Al0 1.36 0 * 13610! 1.35~F-C I 2t66F:0l-l.00C'1(l.3 lt-1 IJ02E-Ol13PJo P 1 Pr? :1U 5F0IE0a 1(0 9.41212 0 .42t 0? 9:91121-0 i.2i1-0-1OCCI*CI

6-.12511-02 S.SS73f-0? 6.11S11-0? 15.36641-02 t.3Cq41-02 .660-1OC!C
3. 10841-fl? 3.O144E-02 3.1 0'IF-0? 2.7167F-02 3.Ze4 il-C? 2.9749? C2-1 .0t1f11 'Cl
J.46863 -? 2 .2?02F-02 2.4 A'9E-02 2.1712(-02 2.6flf-02 2.3PC01-O7-I .07001 *ei
.1246(-02 2.8276E-02 3.11901-02 2. 2201-02 3.222?E-07 2.987SE-02-1.OfE0CC'CI

6:I1770(-02 S.56751-02 flbS6SE-O1 S.3t60l-0l 6.374021-02 -5.,0osr-02-I.iccvi'CI~ 5241F-011 3661-0 .5I7f:O .347F-01 I.57152(-Cl I.4t30-CI-I.I'00('Cl
1.4383F:01 1.I173E-0 2.4335f 1 2 .0063F-01 ?.S2411-01 2.3196F-01-I.20001'Cl

-4:17 1 1E0 I3.683?Er'01-A. I7C7E-01 3.S199(-01 4.3407E-01 3.91!94E -01I-.3C1'E$t11

q.21011-01 7.69151E-G1 9.1820E-01 7.2077F-01 9.&69E-0 1F S 771F -C1-1.7000t#C I
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Table B.6 -Reflection Coefficients - Model 3, off the

a magnetic Meridian.

wAvE FftEOUjENCY - S.0000E*06 CRITICAL INCICENCE 1 .0696F+01

R9AS. V VECTOR - 3.1590(-0I SlAUTING HEIWGPI - .COOOE*03

GECMAG. FIELD - 5.6M26E-05 EPN0ING HEIGHT * .COQOE#CO

1-a1a COS OF V - -3.78qOE-01 INCEMENT -2-.OOOOE-02

v-a1a COS OF T a 0.aODOE#00 SCALE HEIGHT - 1.0O00E#03

Z-CuN C05 OF T - 9.2546E-01 CCLLISICOiS a.?.COOE42

REFLECTICN COEFFICIENTS

Ex FT El myW "IF "I ANCL
2.04751-02 7 .b4O-O 2:0,141:1 ?:3463F:01 uqo1-2 .34c6E:c~ 0.OOO0oFCc
4.8 04 al 84711-03 4.3 93403 ~ 0234 F -0 !:292)1E001 44~817 03 .OCE-01

eaI 37qR:E-0: 1.25ZC2E:02 1.4300E-02 1.210f02 1.3C46E-CZ 20OE0
9620 -a ?.30%IE-Ol 3.011-fot 7 0*221-02 S.90911-01 4JC7F -02 S.0eooEfoj

9: I-6 1 .I2E0 1.5CE0 1.077S-01 9.1252E-C %:a63IF-02 7.0OCOE-C

6.,51 -01 7.400E-0 6.B130(-0 7.6419E-01 6.6244F-01 7.076?F-01 S.OOO0E*CO
8. I 1E- 9.424*E-01 e.8559-011 t.&a90E-01 8.6634E-01 4.1!14E-Ot 8.ooeo0COC

WAVE FR#QUENCY a 5.OOOOE'06 CRITICAL INCICINCI e -I.O100f #0l

MAG. IFV vciORa 3.1590(-OI STARTING N1I001 0 I.COOOE'03

GECMAG. FIELD a S.64?OE-05 ENCING HEICHI 0 .00004#'00,

I-CIO COS Of T a -3.7890E-01 INC(REMENT . -I.eooft-cf

Y -CuR COS OF T a 0OOOE*00 SCALE HEIGHT a I.COOOE 403 -

Z-0IP COS OF T - q.2546E-01 CCLLISICNS * 2.000O1 4C2

REFLECIICN COEFFICIENT!~

El FT F1 Ids *41 Algrj
2.4 71f:42 2.2495E-02 2.443iE-02 2.17O'E-C2 ?.5t44r-O2 2.3793f-C2 O.O0c00FrO
4:28831f a2 3.8734F-02 4.27156E-02 3.7374F-02 4.41'7F-C? 6.O9tet-O? 1.O0001-ni
6.076IE-0? S.49SSF-02 f.06tCF-O? 5 .302#1 -0 2 6.?64tF-O2 6 .F215F-C2 2 .0000f -CI

1-401* :0344F-01 1.14 7E:Oj 9-9Pj6F 02 ,.11901-0 I.094O1-01 5 *00001-r
.OS :az5 1 1.i8 3 2 8io -0 .0214-Of I.7617FE0l OP716F-01 1.q376[-Cl 1.41.0-0-e

3.784-o 3364F013.7031-01 344P3f-Cl 3.8226E-01 ?.j7FC .OCOCf*'0
~.3 -14.7632F-01 5.2?64E-01 4.60264-01 5S.3@qqE-01 *.oleqr-Ol 3.0000F#00

7 .140 .015?E-0I 7.6?3CE-01 6.795IF-Cl 7.A4011-01 7.33PO1-01 S.00001 '(0
9.497CE-01 8.14719E-01 9.5227(-0l 8.7210-01 9.7343E-01 %,.23lfF-Ot 8.aOCOV4001
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